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Activation of Heschl's Gyrus
during Auditory Hallucinations
of these studies could directly differentiate between the
hallucinatory and nonhallucinatory states within one
scanning session. Because of this restriction, they did
Thomas Dierks,*‖# David E. J. Linden,*³#
Martin Jandl,*# Elia Formisano,²§
Rainer Goebel,³ Heinrich Lanfermann,²
and Wolf Singer³ not obtain direct measurements of the involvement of
auditory and language areas in acoustic hallucinations.*Division of Clinical Neurophysiology
Department of Psychiatry I One previous positron emission tomography (PET) study
of rCBF during hallucinations provided evidence for an²Department of Neuroradiology
Johann Wolfgang Goethe-UniversitaÈ t activated network of deep nuclei, limbic, and paralimbic
structures but did not show any significant activation of³Max-Planck-Institut fuÈ r Hirnforschung
DE-60528 Frankfurt primary auditory areas (Silbersweig et al., 1995). In this
experiment, we sought to identify cortical areas thatFederal Republic of Germany
§Department of Electronic Engineering show increased blood flow during transitory auditory
verbal hallucinations in three paranoid schizophrenicUniversitaÁ Federico II
I-80138 Naples patients who were capable of indicating the on- and
offset of hallucinations. We used event-related func-Italy
tional magnetic resonance imaging (fMRI) with an analy-
sis based on the patients' own experience of hallucina-
tions, previously applied to PET data (Silbersweig et al.,Summary
1995), in order to benefit from the superior spatial and
temporal resolution of this method.Apart from being a common feature of mental illness,
During 18 months, all patients admitted to the Depart-auditory hallucinations provide an intriguing model for
ment of Psychiatry of the University of Frankfurt with athe study of internally generated sensory perceptions
history of auditory hallucinations were screened for athat are attributed to external sources. Until now, the
hallucination pattern compatible with an fMRI protocol.knowledge about the cortical network that supports
Three patients could be included in the study becausesuch hallucinations has been restricted by method-
they experienced brief episodes of hallucinations lastingological limitations. Here, we describe an experiment
10±100 s, alternating with hallucination-free periods ofwith paranoid schizophrenic patients whose on- and
a similar duration, and were able to indicate the on- andoffset of auditory hallucinations could be monitored
offset.within one functional magnetic resonance imaging
The patients underwent fMRI during hallucinations(fMRI) session. We demonstrate an increase of the
and were asked to press a button with the left handblood oxygen level±dependent (BOLD) signal in Heschl's
on every onset of an auditory hallucination and keep itgyrus during the patients' hallucinations. Our results
pressed as long as it lasted using a fiber-optic answerprovide direct evidence of the involvement of primary
box. During these periods, the patients were not engagedauditory areas in auditory verbal hallucinations and es-
in overt speech. The thus-defined periods of hallucina-tablish novel constraints for psychopathological models.
tions were used as the reference function for a correla-
tion analysis of the blood oxygen level±dependent (BOLD)
signal time course (Goebel et al., 1998a, 1998b). To eluci-
Introduction date the individual location of auditory areas, a further
scan was acquired during acoustical stimulation with
Auditory verbal hallucinations, perceptions of voices in spoken text, reversed speech (spoken text played back-
the absence of external stimuli, are a fundamental fea- ward), and a modulated tone of 2000 Hz at a sound
ture of mental illness and one of the principal symptoms pressure level well above that of the ambient noise of
of schizophrenia. Apart from their significance for clini- the MRI scanner. During this scan, the patients were
cal psychiatry, they provide an important model for the again asked to indicate periods of hallucinations.
internal generation of sensory perceptions that are at- The patients were studied with the 1.5 T Magnetom
tributed to external sources. Until now, the investigation Vision MRI scanner (Siemens, Erlangen, Germany) using
of the cortical network that supports such hallucinations a gradient echo EPI (echoplanar imaging) sequence for
has been restricted by methodological limitations. Previ-
fMRI. Each scan comprised the acquisition of 128 vol-
ous neuroimaging studies assessed hallucinators' per-
umes and lasted 8 min 32 s. A T1-weighted 3D magne-
formance in various auditory and language tasks and the
tization prepared rapid acquisition gradient echo se-
related changes in regional cerebral blood flow (rCBF)
quence (MP RAGE) scan (8 min) was recorded in each
in order to obtain indirect evidence for the underlying
session (voxel size 5 1.0 3 1.0 3 1.0 mm3).
changes in cortical function (McGuire et al., 1993, 1996b;
Data analysis including preprocessing, correlation
David et al., 1996; Woodruff et al., 1997). However, none
analysis, 3D reconstruction, and determination of Talair-
ach coordinates (Talairach and Tournoux, 1988) was
performed using the BrainVoyager 2.1 software (Goebel‖ To whom correspondence should be addressed (e-mail: dierks@
et al., 1998a, 1998b). For visualization of activated areas,em.uni-frankfurt.de).
# These authors contributed equally to this work. correlation analysis was applied. The hallucination or
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Figure 1. Auditory Cortex Activated during Hallucinations and Acoustical Stimulation in Three Schizophrenic Patients
Patients 1 (first session), 2, and 3. Axial, sagittal, and coronal MRI slices in Talairach space (Talairach and Tournoux, 1988) with superimposed
functional data showing activation of Heschl's gyrus (axial, sector cdEF; sagittal, sector EF8; coronal, sector cd8) in the hemisphere dominant
for handedness during auditory verbal hallucinations (a) and bilaterally during binaural acoustic stimulation (b). For Talairach coordinates, see
Table 1. Activation of right sensorimotor cortex in sector d4 (coronal slices) during hallucinations in patients 1 and 2 can be attributed to the
button press response with the left hand (Table 2).
acoustic stimulation protocol served as the basis of Results
appropriate reference functions specifying experimental
and control conditions (experimental condition 5 1, con- The highest correlations between BOLD signal and audi-
tory hallucinations were found in the transverse tempo-trol condition 5 0). The resulting correlation map was
thresholded at p , 0.0001 (uncorrected), and the coeffi- ral gyrus (GTT) in all patients and in the retest session
(Figures 1 and 2 and Table 1; p , 0.01, corrected). Thecients for the correlation between the mean time course
of each cluster of activated voxels and the reference significance criterion for hallucination-related activation
outside the PAC (p , 0.0001, uncorrected) was metfunction were calculated (Tables 1 and 2). For the acti-
vated clusters in the presumed primary auditory cortex by areas in the posterior superior temporal gyrus, the
middle temporal gyrus (GTm), the frontoparietal opercu-(PAC), probability values were in addition corrected for
multiple comparisons using the estimates for left and lum, the hippocampus, the amygdala, and sensorimotor
cortex contralateral to the hand of the motor responseright PAC that were derived by probabilistic mapping
and MR volume measurements (Penhune et al., 1996). (Figure 3 and Table 2). It can be seen from the BOLD
signal time courses that the metabolic activity in theActivation of PAC was then thresholded again at p ,
0.01 (corrected) to confirm its activation. identified areas increased when the patient signaled the
Cerebral Activation during Auditory Hallucinations
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Figure 2. Activation of Heschl's Gyrus in Patients 1, 2, and 3
(Top) 3D representations of the activation of Heschl's gyrus in patient 1 showing transversal and coronal sections (left) and a reconstruction
of the gray/white matter boundary of the left temporal lobe (right) during hallucinations (a) and acoustical stimulation (b), respectively.
(Bottom) Time courses of the BOLD signal for patients 1 (first session) (a and b), 2 (c), and 3 (d), filtered with a high pass of 0.004 Hz and a
low pass of 0.05 Hz, from Heschl's gyrus (solid line). The shaded areas indicate experimental conditions (H, hallucinations; S, spoken text;
R, reversed speech; T, pulsed tone at 2000 Hz). For patient 3 (d), the time course of the BOLD signal in Heschl's gyrus (solid line) is shown
together with the time course of another area in auditory cortex (x 5 257, y 5 24, z 5 3) that only responds to acoustic stimulation (dotted
line) (for acoustical stimulation, the same protocol was used as in [b]).
onset of an episode of hallucination, remained at a high lation of the BOLD signal time course with acoustic
stimulation was observed in the transverse gyrus oflevel during that episode, and returned to baseline levels
immediately after the patient had signaled that the hallu- Heschl, at the same location as the focus of activation
during hallucinations (Table 1).cination had ended (Figures 2 and 3). The highest corre-
Table 1. Location of Activation in Heschl's Gyrus during Hallucinations and Acoustical Stimulation
Heschl's gyrus
x y z (r)
Patient 1: hallucination 250 220 5 (0.65)
Session 1
Patient 1: hallucination 242 214 7 (0.71)
Session 2
Patient 1: acoustical stimulation 254 218 8 (0.77)
Patient 2: hallucination 47 215 12 (0.48)
Patient 2: acoustical stimulation 55 217 11 (0.79)
Patient 3: hallucination 242 225 5 (0.68)
Patient 3: acoustical stimulation 244 214 3 (0.51)
Talairach coordinates of the center of mass of activated voxels in Heschl's gyrus during hallucinations and acoustical stimulation (for the
same hemisphere) and correlation of signal intensity in these areas with the temporal hallucination pattern (r 5 correlation coefficient) in three
paranoid schizophrenic patients (patients 1, 2, and 3).
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Figure 3. Activation of Left Heschl's Gyrus,
Frontal Operculum, Amygdala, and Hippo-
campus during Auditory Hallucinations
Patient 1, second session.
(Left) Coronal MRI slices in Talairach space
(Talairach and Tournoux, 1988) with superim-
posed functional data showing activation of
(a) the left Heschl's gyrus, (b) the posterior
hippocampus, (c) the frontal operculum, bilat-
erally, and (d) the left amygdala. Coronal
slices are at (a) y 5 214, (b) y 5 231, (c) y 5
21, and (d and c) y 5 27. The clusters in
sector a9 in the lower two panels cannot be
unequivocally related to a specific anatomical
structure.
(Right) The respective time courses of the
BOLD signal, filtered with a high pass of 0.004
Hz and a low pass of 0.05 Hz (left hemisphere,
solid lines; right hemisphere, dotted lines).
The shaded areas indicate experimental con-
ditions (H, hallucinations).
Discussion (McCarthy et al., 1993; Buckner et al., 1995). The hippo-
campi and amygdalae represent the main allocortical
structures activated during our experiment. The activa-The area in the GTT that is activated during auditory
tion of the hippocampal complex might reflect the re-verbal hallucinations includes the transverse gyrus of
trieval from memory (Schacter et al., 1996) either of theHeschl in the dominant hemisphere and matches the
hallucinated material or of the instructions related tolocation of primary auditory cortex as defined by neuro-
the experiment. Furthermore, the limbic activation mightanatomical studies (Braak, 1978; Penhune et al., 1996)
reflect the patients' emotional and cognitive reaction toand previous functional imaging experiments with mag-
the voices and the storage of their commands in mem-netoencephalography (Romani et al., 1982) and fMRI
ory. The variability of the hallucination-related activation(Dhankhar et al., 1997; Strainer et al., 1997). In the audi-
pattern in areas other than the PAC between subjectstory stimulation session, we confirmed that the areas in
and scanning sessions would be compatible with inter-the GTT that were activated during hallucinations were
and intraindividual differences in the reaction to thealso activated by tones and verbal auditory stimuli. Acti-
voices but also makes the above interpretations morevation of secondary auditory areas in the superior tem-
speculative.poral gyrus was also observed for both hallucinations
The sensorimotor cortex activation contralateral toand acoustic stimulations, but it did not show the same
the hand that was used for the motor response is the
intra- and interindividual consistency of localization as
only activation for which we can provide a behavioral
the foci in the GTT. Temporal lobe activation in the domi- control. The similarity of the level of significance of mo-
nant hemisphere also included GTm (BA 21), a semantic tor- and hallucination-related activation provides an ad-
processing area (Vandenberghe et al., 1996). The activa- ditional validation of the results.
tion focus in the frontoparietal operculum of the domi- Activation of the GTT during hallucinations was found
nant hemisphere surrounding the ascending ramus of predominantly in the left hemisphere for the two right-
the Sylvian fissure matches the areas identified as Bro- handed patients and in the right hemisphere for the
ca's area in PET studies of overt speech (Price et al., left-handed patient. While this result is suggestive of a
1996) and in fMRI studies of internal speech generation particular role for the language-dominant hemisphere
(Hinke et al., 1993). Further areas activated during hallu- in the generation of auditory hallucinations, the small
cinations were located in the anterior insula, where acti- sample size of the present study (and the lack of clear
evidence as to the language-dominant hemisphere ofvation has also been observed during verb generation
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Table2.BrainAreasActivatedduringAcousticalHallucinations
PosteriorSuperior
FrontalOperculumTemporalGyrusMiddleTemporalGyrusHippocampusAmygdalaSensorimotorCortex
Anatomical
Regionxyz(r)xyz(r)xyz(r)xyz(r)xyz(r)xyz(r)
Patient1
Session1
(left)25221214(0.67)254224212(0.66)2302344(0.40)
(right)5621945(0.61)
Patient1
Session2
(left)2382115(0.64)24323611(0.71)22923021(0.73)2182526(0.63)
(right)412118(0.62)3323121(0.73)192527(0.63)5421940(0.72)
Patient2
(left)
(right)58219213(0.40)202122(0.48)4322654(0.46)
Patient3
(left)2372210(0.40)25324316(0.60)24923021(0.64)22823026(0.54)22121425(0.46)
(right)2323026(0.56)1221326(0.52)3821145(0.60)
Location(Talairachcoordinates)ofbrainareasactivatedduringhallucinationsandcorrelationofsignalintensityintheseareaswithtemporalhallucinationpattern(r5correlationcoefficient).
su
gg
es
tiv
e
of
pr
oc
es
se
s
re
la
te
d
to
in
ne
rs
pe
ec
h.
Y
et
th
er
e
Neuron
620
reslicing the 3D data set using the slice position parameters andare important differences: inner speech is not perceived
compared visually to the EPI data sets.to arise from external influences and does not activate
For each subject, the structural 3D data sets were transformedHeschl's gyrus. Our finding of increased activity of the
into Talairach space. Talairach transformation was performed in two
primary auditory cortex during acoustic hallucinations steps. The first step consisted in rotating the 3D data set of each
might therefore explain why hallucinations, unlike audi- subject to be aligned with the stereotaxic axes. For this step, the
location of the anterior commissure (AC) and the posterior commis-tory imagery or inner speech, are experienced as real.
sure (PC) and two rotation parameters for midsagittal alignment
had to be specified manually in the 3D MPR data set. In the secondExperimental Procedures
step, the extreme points of the cerebrum were specified. These
points, together with the AC and PC coordinates, were then usedSubjects
to scale the 3D data sets into the dimensions of the standard brainThe 46-year-old right-handed male patient 1, the 31-year-old left-
of the Talairach and Tournaux (1988) atlas, using a piecewise affinehanded male patient 2, and the 32-year-old right-handed female
and continuous transformation for each of the 12 defined sub-patient 3 had been suffering from paranoid schizophrenia for 20, 9,
volumes.and 7 years, respectively (diagnosed according to the DSM-III-R
Based on the parameters for importing the 2D functional slices[American Psychiatric Association, 1987]). At the time of the investi-
into the 3D data sets and on the parameters for transforming thegation, besides negative symptoms like anhedonia their psychopa-
3D data sets into Talairach space, the complete functional data ofthology consisted predominantly in auditory verbal hallucinations,
each subject were transformed into Talairach space, yielding a 4Dwhich were unresponsive to neuroleptic treatment. At the time of
data representation (volume time course 5 3 3 space, 1 3 time).the experiments, patient 1 was treated with haloperidol, levomepro-
Prior to statistical analysis, the time series of functional images wasmazin, and lorazepam, and patients 2 and 3 were treated with clo-
aligned in order to minimize the effects of head movements. Thezapine. The hallucinations consisted in the experience of malevolent
central volume of the time series was used as a reference volumecommentary on the patients' behavior by the stepmother (patient
to which all other volumes were registered, using a 3D motion cor-1), by unfamiliar voices (patient 2), or by extraterrestrial beings (pa-
rection that estimates the three translation and three rotation param-tient 3). The electroglottography of patient 1 showed no indication
eters of rigid body transformation. 3D statistical maps (using correla-of vocal or subvocal activity during hallucinations. Scanner noise
tion analysis [Bandettini et al., 1993] with a lag of 4 s to account forwas attenuated by a custom-made headset. The temporal pattern
the hemodynamic delay) were computed within this representation,and content of hallucinations did not change in the fMRI environ-
which allowed us to compare activated brain regions across differ-ment. All patients gave written informed consent to participate in
ent sessions and across subjects. This representation also allowedthe investigation after the nature of the study had been explained.
us to determine Talairach coordinates of activated brain regions
and to display the BOLD signal time courses in these regions.
Generation of Acoustic Stimuli
The high-resolution T1-weighted 3D recording of patient 1 was
Acoustic stimuli (spoken text, reversed speech, and pulsed tones
used for a surface reconstruction of both hemispheres. The white/
with a carrier frequency of 2000 Hz, 3 ms rise/fall time, 40 ms plateau,
gray matter boundary was segmented with a region-growing method.
and 54 ms interstimulus interval) were generated on a personal
The discrimination between white and gray matter was improved
computer using a commercial soundcard and delivered through a
by several manual interactions (e.g., labeling subcortical structures
custom-made pneumatic sound transmission device with head-
as ªwhite matterº). The white/gray matter boundary was finally tes-
phones that accurately preserves tone frequencies and attenuates
selated in a single step using two triangles for each side of a voxel
scanner noise. Periods of acoustic stimulation of 8 volumes each
located at the margin of white matter. The tesselation of a single
alternated with rest conditions of the same duration (Figure 2,
hemisphere typically consists of roughly 240,000 triangles. The re-
bottom).
constructed surface is subjected to iterative corrective smoothing
(100±200 iterations) (Goebel et al., 1998a). The resulting surface was
Functional Imaging Acquisition and Analysis used as the reference mesh for the visualization of gray matter
fMRI data were acquired with a 1.5 T Magnetom Vision MRI scanner activation (Figure 2).
(Siemens, Erlangen, Germany) using a gradient echo EPI sequence
(1 volume 5 15 axial slices, repetition time/echo time [TR/TE] 5
Acknowledgments4000 ms/69 ms, flip angle [FA] 5 908, field of view [FOV] 5 210 3
210 mm2, voxel size 5 1.6 3 1.6 3 5.0 mm3) for fMRI. Each scan
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